Genomic tools for durum wheat breeding: de novo assembly of Svevo transcriptome and SNP discovery in elite germplasm by Vera Vendramin, Danara Ormanbekova, Simone Scalabrin, Davide Scaglione, Marco Maccaferri, Pier Luigi Martelli, Silvio Salvi, Irena Jurman, Rita Casadio, Federica Cattonaro, Roberto Tuberosa, Andrea Massi, Michele Morgante
RESEARCH ARTICLE Open Access
Genomic tools for durum wheat breeding:
de novo assembly of Svevo transcriptome
and SNP discovery in elite germplasm
Vera Vendramin1*† , Danara Ormanbekova2†, Simone Scalabrin1, Davide Scaglione1, Marco Maccaferri2,
Pierluigi Martelli3, Silvio Salvi2, Irena Jurman4, Rita Casadio3, Federica Cattonaro1, Roberto Tuberosa2,
Andrea Massi5 and Michele Morgante4,6
Abstract
Background: The tetraploid durum wheat (Triticum turgidum L. ssp. durum Desf. Husnot) is an important crop
which provides the raw material for pasta production and a valuable source of genetic diversity for breeding
hexaploid wheat (Triticum aestivum L.). Future breeding efforts to enhance yield potential and climate resilience will
increasingly rely on genomics-based approaches to identify and select beneficial alleles. A deeper characterisation
of the molecular and functional diversity of the durum wheat transcriptome will be instrumental to more effectively
harness its genetic diversity.
Results: We report on the de novo transcriptome assembly of durum wheat cultivar ‘Svevo’. The transcriptome of
four tissues/organs (shoots and roots at the seedling stage, reproductive organs and developing grains) was
assembled de novo, yielding 180,108 contigs, with a N50 length of 1121 bp and mean contig length of 883 bp.
Alignment against the transcriptome of nine plant species identified 43% of transcripts with homology to at least
one reference transcriptome. The functional annotation was completed by means of a combination of
complementary software. The presence of differential expression between the A- and B-homoeolog copies of the
durum wheat tetraploid genome was ascertained by phase reconstruction of polymorphic sites based on the T.
urartu transcripts and inferring homoeolog-specific sequences. We observed greater expression divergence
between A and B homoeologs in grains rather than in leaves and roots. The transcriptomes of 13 durum wheat
cultivars spanning the breeding period from 1969 to 2005 were analysed for SNP diversity, leading to 95,358 non-
rare, hemi-SNPs shared among two or more cultivars and 33,747 locus-specific (diploid inheritance) SNPs.
Conclusions: Our study updates and expands the de novo transcriptome reference assembly available for durum
wheat. Out of 180,108 assembled transcripts, 13,636 were specific to the Svevo cultivar as compared to the only
other reference transcriptome available for durum, thus contributing to the identification of the tetraploid wheat
pan-transcriptome. Additionally, the analysis of 13 historically relevant hallmark varieties produced a SNP dataset
that could successfully validate the genotyping in tetraploid wheat and provide a valuable resource for genomics-
assisted breeding of both tetraploid and hexaploid wheats.
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Background
Durum wheat (Triticum turgidum L. ssp. durum Desf.
Husnot) is a naked, free-threshing domesticated tetra-
ploid wheat derived from a natural intergeneric hybrid-
isation and polyploidisation event involving the A and B
genomes of Triticum urartu and an unknown species re-
lated to Aegilops speltoides [1]. It is believed that the
diploid progenitors of wheat diverged from a common
ancestor about 2.5–4.5 million years ago [2], which
would explain the relatively high sequence identity of
coding regions among the different wheat homoeologs
[3]. Wild emmer (T. turgidum ssp. dicoccoides Körn)
was domesticated as emmer wheat (Triticum turgidum
ssp. dicoccum Schrank) approximately 10,000 years ago
and subsequently as durum wheat, hence undergoing
successive reductions in population size and genetic di-
versity [4]. Compared to diploid wheats (einkorn), tetra-
ploid wheats were more attractive for domestication due
to a larger ear and seed size.
Assembling tetraploid wheat sequences poses signifi-
cant challenges owing to the large genome size and its
high redundancy [5, 6] as well as the high level of
chromosomal rearrangements [7]. Therefore, the conser-
vation of gene content and expression patterns across
species is unknown. For the above reasons, de novo as-
sembly of the transcriptome is essential for the identifi-
cation of candidate genes, the development of SNP
markers and genomic analyses. Moreover, particularly
important is the correct identification, hence separation,
of the homoeolog sequences.
A remarkable advancement in high-throughput se-
quencing of transcriptomes in polyploid species was
achieved by adopting a multiple k-mer assembly strategy
that allowed Krasileva et al. [8] to obtain a high-quality
transcriptome assembly of the durum wheat cultivar
Kronos. The same authors separated homoeolog se-
quences as reported also in previous work [7, 9] along
with the development of a specific tool to disentangle
homoeolog contigs in durum wheat genes [10]. The final
transcriptome resulted in 140,118 contigs of T. turgidum
and 66,633 predicted ORFs that were functionally anno-
tated using a comparative genomics approach. An evalu-
ation of the assembly showed that 96% of a benchmark
full-length cDNA dataset [11] is assembled in a single
contig.
In 2014, the International Wheat Genome Sequencing
Consortium (IWGSC) released a reference wheat gen-
ome exploiting flow cytometry to isolate, sequence and
assemble chromosome arms individually [12]. Recently,
3D chromosome-conformation capture coupled with
high-throughput sequencing (Hi-C) was adopted to gen-
erate a high-quality reference genome sequence of the
barley cultivar Morex [13] and a wild emmer wheat ac-
cession Zavitan [14].
Herein we report a de novo assembly of the tetraploid
wheat transcriptome of cultivar Svevo as a complement
to the reference transcriptome from cv. Kronos made
available in 2013. In addition, we describe a large set of
intervarietal SNPs derived from the sequencing of 13
elite durum cultivars (Additional file 1: Table S1) which
are useful for marker-assisted breeding purposes. Finally,
we developed a novel pipeline to generate
homoeolog-specific information while using multiple ap-
proaches to annotate the transcriptome, hence providing
deep gene functional information.
Results
De novo assembly and validation
A total of 384 million paired reads of cv. Svevo, distrib-
uted among the four tissues (see Methods), were gener-
ated (Additional file 2: Table S2 reports fragment size,
number of reads and sequenced bases, average sequence
length after trimming). Out of 384 million reads, 14 mil-
lion (3.6%) were either removed based on their match
with E. coli or mitochondrial and chloroplastic genomes
or quality-trimmed from both ends. A final amount of
370 million reads were retained for transcriptome
analysis.
To evaluate and choose the best performing de novo
transcriptome assembly, a total of 20 and 25 assemblies
were produced using CLC-Genomics Workbench v5.1
and Velvet/Oases, respectively (see Methods). The CLC
software version used was able to perform automated
clustering of contigs. Using the cleaned reads from ei-
ther single tissues or all tissues together, assemblies with
different k-mer sizes were performed. A detailed sum-
mary of the de novo assemblies is described in Add-
itional file 3: Table S3). In CLC, the use of the longest
available k-mer size (k = 64 bp) provided the best per-
formance in terms of contig length, with values close to
the expected length distribution for transcripts/genes
(Additional file 4: Figure S1). With the k-mer set to 64
and a joint analysis of all Svevo libraries, CLC produced
180,108 contigs, with a N50 length of 1121 bp and mean
contig length of 883 bp while 57.1% of contigs had
lengths ranging between 300 and 700 bp (Additional file
4: Figure S1). The contig number obtained from the ana-
lysis of pooled reads was higher than those obtained
with any of the four plant combinations of tissues ana-
lysed separately, while maintaining a N50 value compar-
able to that obtained for the best organ-specific
assembly, i.e. 1132 bp for pooled ovary and anther or-
gans at anthesis. The Velvet-Oases assembler with k-mer
size of 71 and 81 produced results similar to the assem-
bly of CLC with k-mer 64, with the difference that the
joint-analysis of all available reads did not improve the
number and mean length of contigs. In particular, with
k-mer 71 and 81, the analysis of all organs produced
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115,798 and 105,743 loci, respectively, with N50 length
of 1831 and 2057 bp and mean length of 780 and 1041
bp, respectively. With k-mer 64, CLC assembled 159Mb
while Velvet-Oases assembled 90Mb with k-mer 71 and
110Mb with k-mer 81. The assembly performed with
CLC with k-mer 64 and all four tissues together was se-
lected due to the best overall features including N50,
contig length and total size assembled (Additional file 5:
Figure S2, Additional file 6: Figure S3).
Gene completeness of the de novo assembly was esti-
mated based on two independent samples of validated
wheat genes using a procedure that included counting the
number of contigs necessary to reconstruct each gene and
then evaluating the corresponding percentage of recon-
struction. Increasing k-mer size improved the number of
reconstructed genes (Additional file 7: Table S4). In CLC,
from a k-mer size of 41 to 64, the percentage of genes re-
constructed increased by 9.6 and 12.7% for chromosome
3B and for the full-length cDNA datasets, respectively.
To assess the complete reconstruction of the two homo-
eolog genes, a set of 58T. aestivum genes from chromo-
somes 3A and 3B was compared with the selected
assembly (Additional file 8: Table S5, see Methods). In
most cases, the percentage of identity between homoeolog
genes was between 95 and 100% (Additional file 8: Table
S5) while a lower percentage identified paralogous genes
or multigene BLASTn families. In total, the de novo as-
sembly allowed for the reconstruction of both homoeologs
in 40% of cases, one copy in 12% of cases, less than one
copy in 10% of cases, between one and two copies in 29%
of cases while the remaining 9% represented genes not re-
constructed at all (Additional file 9: Table S6). In some
cases, putative paralogs of given genes could also be iden-
tified in the assembly but in most cases their sequence
identity dropped below 90%.
The comparison with the Benchmarking Universal
Single-Copy Orthologs (BUSCO plants dataset), see
Methods, composed of 956 gene models, showed a re-
construction of 800 (84%) whole genes with 482 (50%)
duplicated while 115 (12%) genes were reconstructed
just partially and only 41 (4%) were missing. The com-
parison of Svevo transcriptome with the publicly avail-
able Kronos transcriptome by means of a permissive
BLASTn discriminated 13,636 sequences specific to the
Svevo cultivar, 3330 of which were functionally anno-
tated as gene families like disease resistance, NADH de-
hydrogenase, receptor protein kinase, etc.
(Additional file 10: Table S7). A manual inspection re-
vealed that in most cases these contigs represented
exons, missing in the Kronos assembly.
Transcriptome annotation
The alignment of assembled contigs versus transcrip-
tomes of nine plant species (Additional File 11: Table
S8) resulted in 77,572 (43% of total 180,108) sequences
with at least one matching sequence. Out of 77,572
matching transcripts, 22,031 were classified as tran-
scripts with a known function, while 43,969 were classi-
fied as putative functional transcripts. Additionally,
11,572 transcripts with low identity were discarded.
Among transcripts with a known function, 14,232 were
annotated with BioMart and 6369 transcripts were anno-
tated in BAR+ (see Methods). By unifying both annota-
tions, 15,072 transcripts were finally annotated.
Considering the putative functional transcripts, 23,138
transcripts were annotated with BioMart and 10,473 tran-
scripts were annotated in BAR+. Overall, 25,529 tran-
scripts were annotated (Additional file 11: Table S8).
Finally, 154,579 transcripts that could not be annotated
either with BioMart or with BAR+ were further used as
input for Blast2GO annotation. Of these, 34,728 tran-
scripts (22.5%) were associated to GO (Gene Onthology)
terms. In total, 60,257 transcripts were annotated.
Transcripts’ annotation features were summarized
based on the annotation results (Additional file 12: Table
S4). Considering the 15,072 transcripts with
high-confidence annotation (> 90% protein coverage
and > 50% identity), 11,144 showed at least one annota-
tion with GO terms and 13,356 showed at least one an-
notation with Pfam ID. Considering less stringent
annotation parameters (> 50% protein coverage and >
30% identity), out of 25,529 transcripts that showed at
least one hit with the protein databases, 17,679 were an-
notated based on at least one GO term and 21,613 based
on Pfam ID.
The 15,072 high-confidence annotation transcripts
matched 12,347 proteins, while when considering the
25,529 transcripts at the less stringent annotation pa-
rameters, 18,437 proteins matching the Svevo transcripts
were identified. The summary of these statistics is pre-
sented in Additional file 12: Table S4. More in detail, the
number of transcripts matching the nine plant transcrip-
tomes are reported in (Additional file 13: Table S9) with
the highest number of matches found in T. aestivum,
Hordeum vulgare and T. urartu (39.1, 20.9 and 14.5%,
respectively). Analyses of transcripts divided by molecu-
lar function, biological process and cellular component
are presented in Additional file 14: table S10 and Add-
itional file 15: Figure S5.
SNP identification and validation
Across all 13 varieties, a total of 66.6 Gb, 86.4 Gb and
74 Gb paired (2 × 100 bp) reads were sequenced for leaf,
root and grain, respectively (Additional file 1: Table S1).
The SNP identification procedure produced 747,164
SNPs (Table 1), 9400 of which were considered as bio-
logically unlikely (assembly errors) and were thus dis-
carded given that all varieties, including Svevo itself,
Vendramin et al. BMC Genomics          (2019) 20:278 Page 3 of 16
were consistently different from the reference. An add-
itional 110,876 SNPs were clearly assigned to the
inter-homoeolog, non-varietal hemi-SNP category (Fig. 1,
inspired by [15, 16]). Out of the remaining 626,888 SNPs
that were classified as varietal-SNPs, 33,747 were single
dose, locus-specific SNPs (5.38% of the varietal SNP,
with Mendelian diploid behaviour) and 497,783 were
considered as varietal-hemi-SNPs, 95,358 of which were
non-rare SNPs (i.e. allelic presence in two or more geno-
types out of 13 investigated). Hemi-SNP and simple SNP
frequency distributions among the 13 cultivars are repre-
sented in Fig. 2. In both cases rare SNPs were among
the mostly represented classes. Simple SNPs were 11.6%
enriched in rare SNP frequency as compared to
hemi-SNPs (43.8% vs 32.2%, respectively).
Based on this refined dataset, the 7940 SNPs with the
highest Illumina Assay Design Tool (ADT) score were
included in the wheat 90 K Illumina iSelect SNP array
along with 73,647 T. aestivum SNPs and used to assay a
worldwide panel of 288 durum wheat elite accessions
(Table 2) [17]. Polymorphic SNPs from durum wheat
panel were 3738 out of 7237 non-failed assays (51.7%),
while for those mined in hexaploid wheat 20,807 SNPs
were polymorphic out of 68,865 non-failed (30.2%). As
expected, in this T. durum germplasm panel the yield of
polymorphic SNP sites was higher for the T. durum SNP
catalogue sites as compared to the T. aestivum ones.
Also, when comparing the T. durum to T. aestivum SNP
groups, the number of failed SNPs was not statistically
different (6.5 and 8.8%, respectively, t-test P = 0.235).
The allelic frequency of the polymorphic SNPs obtained
from T. durum and T. aestivum were compared by ana-
lyzing the distribution of Minor Allele Frequency (MAF)
(Fig. 3). The MAF distribution of polymorphic SNPs
confirms that T. durum SNPs exhibited a higher
polymorphism level than those obtained from T. aesti-
vum, when assayed on a T. durum germplasm. However,
the T. aestivum SNPs also provided a valuable level of
informativeness when used on the T. durum germplasm
as well.
Homoeolog-specific expression in durum wheat
Mapping efficiency of Illumina reads against the T.
urartu reference gene set ranged between 40 and 70%
depending on samples. Out of the 34,879 transcripts in
the reference set, 7040 successfully generated at least
one phased block of sequences. We generated a total of
11,465 phased blocks and after filtering low-quality
blocks, 8189 were retained to produce putative
genome-specific transcript sequences. Transcripts edited
by means of a single block of phase were 5136, while the
remainder were subjected to one or more splits between
neighbouring phase blocks. Overall, 75,170 phased SNP
sites were used to generate homoeolog-specific se-
quences, while 38,446 fixed variant sites were edited in
both sets to improve mapping efficiency.
Among the 7040 genes considered for the analysis,
1808 were found to show a significant differential ex-
pression between homoeologs using a multi-factorial
GLM fit approach (see Methods) which aimed to find
any significant bias in favour of a particular sub-genome
by modelling tissue-specific variance. A cluster analysis
of expression levels confirmed that most of the variabil-
ity is accounted by the tissue type, then by homoeologs.
Conversely, heterogeneity among pseudo-replicates was
limited (Fig. 4). To assess the reliability of our phase re-
construction we investigated whether genes with two or
more phased blocks showed non-discordant fold-change
direction across blocks. Out of 87 genes considered, 76
showed concordant values, indicating that our de novo
homoeologs reconstruction pipeline was able to cor-
rectly assign ancestor genome haplotype in most cases
(Additional file 16: Figure S6). Moreover, differential ex-
pression of splicing variants may also be a cause for in-
congruent pattern among blocks in some genes. Overall,
1113 genes (15.81%) showed higher expression of the
A-genome homoeologs, while 695 genes (9.87%) a sig-
nificant overexpression of the B-genome. Further, 802,
706 and 820 homoeologs were found to be differentially
expressed in leaves, roots and grains, respectively, when
adopting tissue-specific binomial test analysis. By group-
ing genes based on tissues that showed a differential ex-
pression of homoeologs, either by a single tissue or by a
multiplicity of them (Fig. 5), we observed a constant
trend in favour of the A-genome homoeolog; we cannot
rule out entirely that this may be caused by alignment
bias on the T. urartu reference transcripts. However, a
higher level of divergence was observed between A and
B genome-specific expression in grain tissue than in
Table 1 SNP identification and selection in the 13 durum
wheat cultivars
Number Percent
a. SNPs
Simple SNPs 33,747 4.52%
Hemi-SNPs 497,783 66.62%
Inter-homoeolog SNPs 110,876 14.84%
SNPs with more than two genotypes 95,358 12.76%
Assembly discordant SNPs 9400 1.26%
Total SNPs computed 747,164
b. Selected SNPs
Hemi-SNPs 4461 56.18%
Simple SNPs 3479 43.83%
Selected SNPs for the wheat chip 7940
Panel (a) reports the overall SNPs computed, divided in different categories.
Panel (b) reports the SNPs selected for the wheat chip with classification
between simple and hemi-SNP
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roots and leaves (P = 0.06, t-test). We further investigated
the presence of divergent homoeolog expression between
tissues to assess the extent of regulatory subfunctionalisation
following polyploidisation. We found only 16 genes (< 1%)
with contrasting homoeolog-fold-changes across tissues,
where none of them were differentially expressed for each of
the three tissues. This suggests that homoeolog-specific ex-
pression does not mainly correlate with tissue-specific ex-
pression (Additional file 16: Figure S6).
Using the criteria described in Methods, we developed
qRT-PCR assays for both A and B subgenomes for eight
transcripts illustrated in Additional file 17: Table S11 (32
assays, 16 for leaves, 16 for roots, for each of the 13 var-
ieties). We confirmed one transcript (TRIUR3_04135)
with alternate expression between leaf and root tissues
with the B-genome homoeolog up-expressed in leaves
and the A genome homoeolog up-expressed in roots.
Four transcripts (TRIUR3_06137, TRIUR3_09011,
TRIUR3_14772 and TRIUR3_15361), as indicated by
RNA-Seq data, reported A-genome homoeologs
up-expressed in both roots and leaves while two tran-
scripts (TRIUR3_05979, TRIUR3_07762) confirmed the
opposite pattern (B-genome homoeologs up-expressed
in both tissues). All the above-described results for seven
transcripts were consistent with those obtained from
RNA-seq experiment. Moreover, for all the seven
transcripts the expression was consistent among all the
varieties and tissues (Additional file 18: Table S12 show
expression of all genes across 13 varieties). The average
expression for the 13 varieties for these seven transcripts
and their standard errors are reported in Fig. 6. One
transcript (TRIUR3_14342) showed the A-genome
homoeologs up-expressed only in eight varieties and
B-genome homoeologs up-expressed in five varieties
(Additional file 18: Table S12).
Discussion
Selection of reference assembly
Our study adds novel transcriptome information to the
available T. turgidum ssp. durum reference from cv.
Kronos [8]. We report a de novo transcriptome assembly
for Svevo, a modern Italian durum wheat reference for
semolina quality, grain yield and adaptation to Mediter-
ranean environments [18]. Based on a previous survey of
diversity in a worldwide panel of elite durum wheat [19]
the two varieties showed a genetic similarity (identity by
state similarity, IBS) equal to 0.17, with an average gen-
etic similarity across all the cultivars equal to 0.29. Thus,
the genetic relationship between Svevo and Kronos can
be considered lower-than-average when considering the
modern durum wheat germplasm. The sampled tissues
and NGS methodology of the herein reported Svevo
Fig. 1 Schematic representation of inter-homoeolog SNPs, hemi-SNPs and simple SNPs for multiple cultivars in allo-tetraploid durum wheat. Inter-
homoeolog SNPs represent constitutive homeolog-specific variation. Hemi-SNPs represent homoeolog variation which occurs only on some
samples. Simple SNPs represent effective diploid status, in this case following a deletion and thus having on sub-genome as the only
allelic complement
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transcriptome were similar to those used for Kronos.
Young leaves (coleoptiles), roots at the seedling stage
and developing grains at 20 days post-anthesis were
common to both cultivars, with the exception that whole
spikes (at booting stage) were collected for Kronos while
ovaries and anthers (sexual organs only) were collected
for Svevo.
The sequencing data generated in the two experiments
were similar as well, approximating the 400 million
reads for Svevo and the 500 million reads for Kronos;
however, the Illumina reads generated for Svevo were up
to 150 bp long while Kronos reads were up to 100 bp
long. The two assembled transcriptomes were similar in
total size (159Mb for Svevo and 181Mb for Kronos).
The Svevo assembly, compared to Kronos, included a
higher contig number (180,108 vs. 140,118) with a lower
mean contig length (883 vs. 1299 bp). This apparently
negative result is due to the more stringent assembly pa-
rameters used herein, which allowed for a reduced re-
dundancy of the assembly and for the identification of
exons and whole genes missing in the Kronos assembly.
For the Svevo assembly, different strategies and mul-
tiple parameters were tested with the aim of producing a
final assembly as complete as possible. Basically, two
strategies were pursued, one based on CLC-Genomics
Workbench and one pairing the tools Velvet and Oases.
One of the most commonly used tools, Trinity [20], was
tested as well; however, after a few tests it was aban-
doned since the results obtained did not significantly im-
prove the quality of the assembly, coupled with an
impractical request of resources. The k-mer length is a
critical parameter in assembling a transcriptome using
De Bruijn graphs, a data structure exploited in most of
NGS de novo assemblers. In practice, when a contiguous
assembly is the primary goal and the loss of lowly
expressed transcripts is not a main concern, a large
k-mer length is preferred. On the other hand, small
k-mer length is often used to capture poorly expressed
transcripts, resulting in more fragmented and diverse
Fig. 2 Simple and Hemi-SNP frequency distribution within the 13 varieties. SNP frequency among the 13 cultivars studied. A SNP was considered
when at least seven out of the 13 varieties were sufficiently covered. Simple and Hemi-SNP frequencies are presented divided into seven bins.
For example, for a given position having three varieties calling non-reference nucleotides, nine with only reference nucleotides and one without
enough coverage, it will fall in the bin 0.18–0.31 as it corresponds to a position with 25% of SNPs (3 out of 12)
Table 2 Number of failed, polymorphic and total SNPs in the
assay
SNPs in assay Failed SNPs Polymorphic SNPs
T. aestivum SNP 73,647 4782 (6.5%) 20,807 (30.2%)
T. durum SNP 7940 703 (8.8%) 3738 (51.7%)
Total 81,587 5485 (6.7%) 24,545 (32.3%)
Informativeness of T. aestivum and T. durum SNPs included in the iSelect
Illumina wheat 90 K SNP array as evaluated on a panel of 288 worldwide
durum wheat elite germplasm accessions. Percentage of polymorphic SNPs is
based on the number of successful SNPs
Vendramin et al. BMC Genomics          (2019) 20:278 Page 6 of 16
Fig. 3 Minor Allele Frequency distribution for T. durum SNPs and T. aestivum SNPs assessed on the durum wheat panel. MAF comparison of T.
durum-derived and T. aestivum-derived SNPs within a panel of 288 durum wheat accessions as representative of the worldwide breeding
germplasm. Distribution of MAF is presented divided into 5 bins
A B
Fig. 4 Homoeolog-specific expression. a MA-plot of significant differentially expressed homoeologs using GLM fit method. b Sample-to-sample
heat map of homoeolog-specific expression similarity. Most of variance is accounted between samples, while a lower fraction is contributed by
homoeolog-specific expression (hap1 and hap2). As expected, the five pseudo-replicates showed very high similarity compared to that of
homoeologs and tissues (grain, leaf, root) distances
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transcripts [21, 22]. Krasileva et al. [8] used a mixed ap-
proach based on merging the results from multiple
k-mer assemblies. Conversely, empirical data from our
assemblies showed that CLC-derived assemblies with a
shorter k-mer turned out to be a subset of assemblies
with longer k-mer. In the case of Svevo, 45 different as-
semblies were tested in total. Within the scope of the
current study, the ones with the largest k-mer values
produced the best assemblies with the mostly contiguous
sequences. In particular, within a set of 16,803 T. aesti-
vum full-length cDNA sequences [11, 23] the best as-
sembly reconstructed entirely 79.9% of genes.
Considering the taxonomical and genetic distance be-
tween the two species, we can consider that the percent-
age of genes completely reconstructed is very likely to be
even higher. Coverage of at least one homeolog was
assessed to 84% but the reconstruction of both copies of
homoeolog genes of the tetraploid durum was more dif-
ficult, with an estimation of 40% of sequences based on
a benchmark of 58 genes from whole genome assembly.
With current technologies, a de novo transcriptome of
a diploid eukaryotic species encompasses hundreds of
thousands of genes, including multiple isoforms and very
low expressed genes. The situation is even more compli-
cated in transcriptomes of polyploid organisms such as
Brassica ssp. [24–26]. In hexaploid wheat, a total of
133,090 high-confidence genes have been annotated
based on the genomic sequence of flow-sorted
Fig. 5 Differentially expressed homoeologs within different tissues.
Number of differentially expressed homoeologs as identified with
negative binomial test, Bonferroni-corrected p-value < 0.01. Tests
have been carried between each haplotype pair for a given tissue,
(G = grain; L = leaf; R = root). In green is reported genes with over-
expression of the A genome, in red those that showed higher
expression in the B genome
Fig. 6 qRT-PCR results summary. a Comparison of A/B-homoeologs Log2FC of expression data obtained respectively from RNA-Seq and qRT-PCR
validation assays; qRT-PCR data reports values from eight control transcripts assayed on 13 varieties, each in triplicate. The suffix L on the gene ID
stands for leaf, while R suffix stands for root. b Homoeolog-specific qRT-PCR standardized expression data across 13 varieties for transcript
TRIUR3_14772 with a constitutive up-regulated A-genome. C) Homoeolog-specific qRT-PCR standardized expression data across 13 varieties for
transcript TRIUR3_14342 which reported a variety-specific sub-genome dominance. The whiskers are lower and upper standard errors
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single-chromosome arms [12, 27]. In hexaploid wheat,
the use of the emerging single-molecule real-time
(SMRT) sequencing technology (Pacific Biosciences)
allowed for a massive sequencing of full-length
non-chimeric reads, 74.6% of which corresponded to a
complete open reading frame [28]. This technology
allowed for a detailed investigation of the transcriptome
of developing grains and led to obtain a more complete
picture of the gluten gene transcript, including the iden-
tification of many pseudogene transcripts and a clear
discrimination between homoeologs and paralogs. How-
ever, the inherently higher cost and sequencing error
rate has so far prevented a more widespread use of this
technology.
Functional annotation of T. durum transcriptome
The use of multiple complementary approaches for tran-
scriptome annotation allowed us to functionally annotate
a sizeable number of sequences (78%) using the nine
transcriptomes of closely related plant species. This per-
centage is similar to the annotation results reported for
the Kronos transcripts [8]. As expected, annotated tran-
scripts showed high similarities with Triticum aestivum,
Hordeum vulgare and Triticum urartu suggesting similar
functions. Transcripts that were not annotated could be
durum-specific transcripts, unannotated genes,
non-coding transcript sequences or regions that under-
went substantial mutations. One of the reasons for the
relatively limited number of transcripts assigned with
high confidence to a very specific function is a low
coverage of the matched protein by the transcript. Only
transcripts that covered the matching protein were ex-
tracted and further analysed for functional annotation.
Another factor that could have influenced the annota-
tion efficiency is the fluctuation in expression level and
the insufficient coverage achieved for a portion of tran-
scripts. Nevertheless, the transcripts annotated in this
work provide valuable information towards the identifi-
cation of the expressed portion of the genome in Triti-
cum. Additionally, this study contributes towards the
production of a more representative and well-annotated
database of expressed genes in durum wheat.
Transferability of the SNP panel
To our best knowledge, this is the first study providing a
high-quality and very extensive dataset of T. durum-spe-
cific SNPs. The transcriptome sequencing approach can
be considered as an open platform for high-throughput
SNP identification, as currently adopted for many plant
species of agronomic interest [29–32]. Moreover, SNPs
were identified among a set of hallmark cultivars repre-
senting a wide range of genetic diversity and widely dif-
fused in the Mediterranean region and worldwide.
Therefore, these SNPs are likely to be highly informative
and particularly suited for genetic mapping (e.g. GWAS)
and breeding applications such as marker-assisted selec-
tion in the cultivated durum wheat germplasm.
Within the 13 sequenced varieties, rare SNPs were the
most represented, for both hemi-SNPs and simple SNPs
(Fig. 2). Interestingly, the frequency of the rarest simple
SNPs is 11.6% higher than the frequency of the corre-
sponding class in the hemi-SNPs. This may reflect mul-
tiple causes including, among others, the stringent
definition given in this paper to simple SNPs, namely ei-
ther the presence of both homoeolog sequences in the
de novo reference with assignment of reads only to the
correct chromosome or deletion of one of the homoeo-
log chromosomes with a consequent lack of reads from
the other chromosome.
We assayed the SNP information content by including
a subset of 7940 tetraploid SNPs to the iSelect Illumina
90 K wheat assay [17] where also a considerable portion
of the functional T. aestivum SNPs were still informative
in the T. durum germplasm (28% with MAF > 0.2), mak-
ing the iSelect Illumina 90 K assay a valuable option for
genotyping also tetraploid wheat, as confirmed by sev-
eral mapping studies [33–35]. Since T. aestivum derived
from T. turgidum ssp. dicoccum or T. turgidum ssp.
durum only 8–10,000 years ago, T. aestivum SNPs are
expected to retain an appreciable level of polymorphism
present in T. durum, a feature reinforced by the evi-
dence of gene flow which occurred between tetraploid
and hexaploid germplasm [36]. On the other side, the
relatively high peak of SNP frequency in the lower MAF
class for the T. aestivum set of SNPs was also expected,
considering that after polyploidisation the germplasm
pools of the two species, and particularly the elite germ-
plasm cultivated nowadays, have undergone multiple
events of population size reduction, drift and selection,
and novel introduction [4, 37]. Moreover, the herein re-
ported novel T. durum SNP dataset was biased towards
high MAF values because of the SNP selection process
that was based on SNPs that were confirmed in at least
three of the 13 reference cultivars. The novel T. durum
SNPs dataset is also valuable in future work aimed at the
design of additional dedicated SNP arrays. However, the
application of this tool in genetic studies (diversity ana-
lysis, genetic mapping, etc.) involving wild or ancient
tetraploid wheats should be carried out with caution,
given that SNPs were identified among elite durum
wheat cultivars.
Survey on homoeolog-specific expression
We investigated the extent of homoeolog-specific ex-
pression in T. durum, a species putatively resulting from
the hybridisation event between T. urartu (A-genome,
2n = 2x = 14) and Aegilops speltoides (B-genome, 2n = 2x
= 14), which generated an allotetraploid chromosomal
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set (2n = 4x = 28). A draft genome assembly of T. urartu
has been published [38], and while writing of this manu-
script an improved version has been released [39]. Also,
a reference genome for the D progenitor Aegilops
tauschii has been released [40]. However, the absence of
a B-genome draft assembly is still hampering the possi-
bility to classify homoeolog-specific nucleotide variants
in an unbiased way. A simple alignment of sequence
data from T. durum to the A-genome representing T.
urartu to detect B-genome specific variants would erro-
neously classify any intra-genome genetic variant occur-
ring between the ancestral T. urartu genome and the
domesticated A-genome. Moreover, short NGS reads
(100 bp) are known to suffer alignment bias in favour of
the haplotype represented in the reference sequence
[41], which prevents correct identification of allelic/
homoeolog-specific expression.
To circumvent these issues, we adopted a method
based on the de novo reconstruction of haplotypes from
Illumina paired-end reads (2 × 100 bp) coupled with a
double-reference mapping procedure. Mapping
RNA-seq reads on the double reference allowed us to
distinguish between (i) reads mapping to one of the two
alternative transcripts (i.e. those containing one or more
homoeolog-specific variants) and (ii) ambiguously
mapped reads for which no homoeolog-specific variant
is present. The former ones were then used to estimate
differential expression levels among the two putative
homoeologs.
Although previously described precautions were taken,
still 15.81% of genes showed higher expression of the
A-genome homoeolog versus 9.87% of the B-genome
homoeolog (Fig. 5). If, on one side, this indicates that
about as many as 10% of the genes are more expressed
in the A-genome, on the other side, it may indicate a
possible subfunctionalisation of a high number of genes.
Although the mechanisms of subfunctionalisation is still
poorly understood it appears that the A-genome was
favoured in this process, thus confirming recent observa-
tions in hexaploid wheat [42]. Our results have also been
validated by qRT-PCR where seven genes out of eight re-
ported the same homoeolog-specificity pattern for all
varieties as indicated by RNA-Seq data and one gene
showed a variety-specific over-expression of either
A-genome or B-genome, suggesting that
homoeolog-specific expression contributes to the diver-
sity within the elite germplasm. Indeed, TRIUR3_14342
showed the homoeologs expression pattern across var-
ieties related to the ancestry relationship [19]. Altar84,
Claudio, Saragolla, Svevo and Yavaros79, belonging to
CIMMYT germplam, reported up-regulated
B-homoeolog, while other varieties related to Italian and
North American germplasm reported up-regulated
A-homoeolog.
Conclusions
This study presents a de novo transcriptome assembly of
Svevo, a modern elite durum wheat cultivar widely used
in breeding programs. Among several de novo assembly
methods, we selected the CLC Workbench assembly and
showed that the maximum value, k = 64, for k-mer par-
ameter generated contig length close to the expected
length distribution of transcripts and genes. This tran-
scriptome assembly expands the existing publicly avail-
able reference transcriptome of the durum wheat variety
Kronos and contributes towards a novel and more
complete transcriptome information to the ongoing gen-
omics studies in tetraploid durum wheat. The transcrip-
tome reported an in silico level of completeness of 84%
with 78% of the reconstructed sequences being function-
ally annotated, including GO terms and PFAM domains.
The RNA-seq data of the 13 elite durum wheat varieties
provides a relevant number of novel T. durum-specific
SNPs, a valuable resource to more effectively character-
ise wheat QTLs (Quantitative Trait Loci) and implement
genomics-assisted breeding programs in the cultivated
durum wheat germplasm. Using a double-reference
mapping procedure, we first investigated the
homoeolog-specific expression in durum wheat and vali-
dated the method. This latter exercise suggested that
homoeolog-specific expression may contribute to the di-
versity across varieties and further large-scale studies
may provide a better understanding of the interplay of
two subgenomes across germplasm.
Methods
Plant material
The Italian durum wheat (Triticum turgidum subsp.
durum Desf.) cv. Svevo, released in 1996 (CIMMYT
line/Zenit) was selected for the reconstruction of the
durum wheat reference transcriptome, as it has been a
quality and productivity reference variety of durum
wheat in Italy for more than a decade. A selection of 13
varieties (including Svevo) was used to produce
RNA-Seq data in order to mine for functional SNPs
given their relevance as breeding material (Additional
file 1: Table S1). Plants were grown in growth chamber
under optimal conditions for wheat (long days 16/8 h
day/night photoperiod regime at 20/16 °C day/night
temperature regime).
RNA extraction, library preparation and sequencing
To produce a collection of transcripts as complete as
possible for Svevo cultivar, four different combinations
of tissues were selected: (i) coleoptile and leaves at the
seedling stage, (ii) apex of seminal roots at the seedling
stage, (iii) ovaries and anthers at beginning of anthesis
(Zadoks 60) and (iv) developing grains at the growth
stage Z70 [43]. Total RNA was isolated from 100mg of
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each tissue using Total Spectrum Plant RNA (Sigma-Al-
drich) according to the manufacturer’s instructions.
RNAs were quality checked using the RNA 6000 Nano
kit on a 2100 Bioanalyzer (Agilent) and accepted when
RIN ≥ 8 and quantified on Nanodrop spectrophotometer
(Thermo Scientific). For each tissue derived from Svevo,
two cDNA libraries (eight in total) were constructed
from 4 μg total RNA using the Illumina TruSeq RNA
Sample preparation kit according to the manufacturer’s
protocol. After PCR enrichment, cDNA fragments were
separated on a 2% low agarose 1X TAE gel; two size
fractions, one with an average fragment size of 280 bp
and another with a fragment size ranging from 380 to
480 bp were extracted and then purified using the
Gel-Extraction kit (Qiagen). The two libraries from each
tissue were pooled together and quantified with the
Bioanalyzer using the High Sensitivity kit (Agilent). The
libraries were loaded as a pool on a Cluster Generation
machine in a single Illumina flowcell lane following the
standard Illumina protocol. A paired-end sequencing
protocol was conducted with the Illumina GAIIx gener-
ating 100 bp and 150 bp reads in pairs, with different
proportions depending on the sample (Additional file 2:
Table S2).
Thirteen elite varieties representing the diversity of the
worldwide durum germplasm (Additional file 1: Table
S1), including the selected reference cv. Svevo, were
chosen to produce cDNA libraries from leaf, root and
grain (cDNA libraries of Svevo were repeated for this
scope to avoid batch effect in the expression analyses).
RNA isolation, library preparation and sequencing
were carried out as described above. The libraries for
the 13 durum wheat varieties were prepared as previ-
ously described for Svevo, with gel size selection of only
500–600 bp fragments. The purified libraries were used
to produce two pools, 6-plex and 7-plex, and after quan-
tification on the Bioanalyzer, were loaded on two lanes
of a HiSeq2000 sequencer run. 100 bp paired reads were
produced with the standard Illumina pipeline.
Svevo de novo transcriptome assembly and validation
rNA [44] was run with default parameters (except for
“min-size” 50) to trim low-quality regions and to remove
possible contaminants (E. coli, mitochondrion and
chloroplast). Trimmed paired reads from either single
tissues or from the bulk of the four tissues were initially
used to create de novo transcriptome assemblies using
either CLC-Genomics Workbench v5.1 (CLC Bio, Aar-
hus, Denmark) or Velvet [45] paired with Oases [46]. A
total of 20 and 25 assemblies have been produced with
CLC and Velvet, respectively, at different k-mer sizes
(CLC: 41, 51, 61 and 64, the maximum allowed by the
software; Velvet: 41, 51, 61, 71 and 81). For CLC, bubble
size was set to 50. The minimum contig length was set
to 300 bp and paired reads were scaffolded (Additional
file 4: Figure S1, Additional file 19 Figure S7-S16, Add-
itional file 3: Table S3).
The completeness of the assemblies was assessed in
terms of percentage of gene reconstruction. De novo
contigs were initially aligned against (i) a set of CDS
from 197 genes from T. aestivum chromosome
3B-reference sequences, derived from 10 selected assem-
bled genomic contigs (GenBank accessions FN564426.1,
FN645450.1, FN564427.1, FN564428.1, FN564429.1,
FN564430.1, FN564431.1, FN564432.1, FN564433.1,
FN564434.1 from [3]) and (ii) a set of 16,803 T. aestivum
full-length cDNAs [11, 23] using BLASTn with e-value
1E-50 and minimum identity > 80%. To parse the re-
sults, an internally developed Perl script was used to
take into consideration a blast hit if any of these condi-
tions were satisfied: 1) when hit length ≥ 60% contig
length; 2) when hit length > 80% gene length; 3) when
hit length ≥ 200 bp. Moreover, for each gene the script
returned the number of contigs necessary to reconstruct
it and the percentage of gene span reconstructed, i.e.
bases covered by at least one hit.
To assess whether both homoeolog copies of each
gene were successfully reconstructed in the de novo as-
sembly, a set of 58 pairs of chromosomes 3A- and 3B-
homoeolog genes of T. aestivum deposited at NCBI
database (http://www.ncbi.nlm.nih.gov) (Additional file
7: Table S4) were used. Homoeolog genes were initially
compared to estimate the level of identity of each pair
(Additional file 8: Table S5). Then, the 58 genes from
chr. 3A were compared against the de novo contigs
using BLASTn with e-value 1E-35 and minimum iden-
tity 80%. For each gene, the cumulative length of the
matching hits divided by the gene length was computed
and defined “gene coverage” (Additional file 9: Table S6,
Additional file 10: Table S7). Hits with an identity close
to 100% were considered as deriving from the A genome
and hits deviating at most 1% from the paired identity as
deriving from the B genome. Overlapping hits were not
included in the “gene coverage” count, independently of
their identity percentage.
A more general assessment was the comparison of the
transcriptome with the plants dataset of BUSCO [47].
BUSCO provides quantitative measures of the complete-
ness of genomes and transcriptomes in terms of ex-
pected gene content. Genes that make up the BUSCO
sets for each major lineage were selected from ortholo-
gous groups with genes present as single-copy orthologs
in at least 90% of the species. BUSCO was run with pa-
rameters -l plantae -m trans -c 8.
The Svevo transcriptome assembly was compared
with the publicly available Kronos transcriptome as-
sembly by means of a BLASTn with a permissive
e-value of 1E-05.
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Transcriptome annotation
Annotation of the reconstructed transcriptome was
based on a comparative genomics approach. The ap-
proach relies on the BLASTx alignment with maximum
e-value 1E-03 between transcripts and proteomes of nine
different plant species that have already been annotated
(Additional file 11: Table S8). The proteome sequences
were downloaded from Ensembl Plants Database in
FASTA format (Release 18). For the annotation process
two parameters were considered crucial: the percentage
of identity and the transcript coverage with respect to a
matching protein [48]. Transcripts with protein coverage
> 90% and identity > 50% were classified as with a known
function, while transcripts with protein coverage > 50%
and identity ≥30% were classified as with a putative
function. The latter classification includes the first. Both
sets were annotated with BioMart [49] and BAR+ [50,
51], both used with default parameters. BioMart is a
highly customizable data mining tool of Ensembl while
BAR+ is a server for protein functional annotation
(Gene Ontology), structure and ligands annotation (Pro-
tein Data Bank), structural classification of proteins
(SCOP), protein domains annotation (Pfam) and allows
to compute a 3D model providing an alignment based
on Cluster HMM (HMM profile).
Additionally, Blast2GO v.3.0 [52] was used for func-
tional annotation of transcripts that were not annotated
either with BioMart or with BAR+. Within Blast2GO,
transcripts were compared with BLASTx with e-value
1E-03 versus the NCBI Viridiplantae plant database. GO
terms associated to BLASTx hits were retrieved based
on the GO Mapping process.
Identification of SNPs within the transcriptome
The quality-trimmed and contaminant-free reads of the
13 varieties were independently aligned versus the se-
lected Svevo de novo transcriptome (minimum similarity
0.8, minimum aligned length 0.9) and SNPs called with
CLC-Genomics Workbench v5.1 (window length 11,
maximum gap and mismatch count 6, minimum central
quality 20, minimum average quality 15, minimum
coverage 8, minimum variant frequency 10%, sufficient
variant count threshold 1000, required variant count
threshold 4).
SNP calls in each single variety were combined with
an internally developed Perl script computing a table of
SNPs for the 13 varieties. Only positions in the reference
with sufficient information (coverage of at least eight
reads) for at least five varieties were considered in the
table. These SNPs were also used in Wang et al. [17].
Each row of the table, corresponding to a hypothetical
SNP in at least one variety, was then classified, with an-
other internally developed Perl script, as either
locus-specific SNP, hemi-SNP, inter-homoeolog SNP,
position with multiple genotypes or potential misassem-
bly (Fig. 1, inspired by [15, 16]). A SNP was classified as
a potential misassembly when all varieties were homozy-
gous and consistently different from the reference. The
remaining SNPs were classified as simple SNPs, or
locus-specific SNPs, when only homozygous calls were
observed in all varieties, hemi-SNPs when both homozy-
gous and heterozygous calls were observed,
inter-homoeolog SNPs when all varieties exhibited only
heterozygous calls. Considering that in this work only
inbred lines were used, a heterozygous call supposedly
corresponds to a difference between two homoeolog
chromosomes and not to a difference between the two
alleles of the same chromosome. Complex situations
with more than two genotypes, e.g. some varieties
homozygous for the reference allele, some homozygous
for the alternative allele and some others heterozygous,
were classified separately.
SNP validation
Genotypic data from a panel of 288 durum wheat acces-
sions representative of the worldwide breeding germ-
plasm were used for the SNP validation. The durum
panel was analysed with the Illumina Infinium 90 K iSe-
lect SNP wheat chip, which carries a total of 81,587
functional SNPs [17], 7940 of which were T. durum-spe-
cific based on the RNA-seq cultivar characterisation. In
the durum wheat panel, the number of total SNPs, failed
SNPs and polymorphic SNPs were counted for both
hexaploid wheat (T. aestivum) and durum wheat. The
MAF distribution was inspected for the polymorphic
SNPs in both hexaploid and durum wheat.
Homoeolog-specific expression in durum wheat
A total of 384 million RNA-seq paired reads generated
from the previously described eight different libraries
(four tissues, two libraries with different size for each tis-
sue) of T. durum cultivar Svevo were altogether aligned
to T. urartu reference transcript sequences [38], using
Bowtie2 relaxed parameters (−-very-sensitive-local -N 1)
[53]. After re-aligning reads around INDELs (small
INsertions-DELetions) with GATK RealignerTargetCrea-
tor [54, 55] SNPs and INDELs were called using GATK
UnifiedGenotyper (down-sampling coverage at 5000).
HAPCUT software [56] was used to perform phase re-
construction of polymorphic sites and infer
homoeolog-specific haplotypes. A custom Perl script was
then used to generate homoeolog-specific sequences
from the alignments to the T. urartu original sequences,
only considering phases where assembly was accom-
plished with a Minimum Error Correction (MEC) score
of 10 or lower and showing at least 90% of variant sites
to be phased as expected based on the T. urartu refer-
ence haplotype. Reconstructed haplotypes with 90% or
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greater matching to T. urartu reference were labelled as
derived from the A-genome, while their complementary
counterpart as derived from the B-genome. Transcripts
where phase assembly produced two or more discon-
tinuous blocks were split accordingly.
Illumina RNA-seq paired reads from leaf, root and
grain tissues for each of the 13 durum varieties were
mapped against the new reference set containing both
homoeolog-derived sequences using BWA aligner with
default parameters [57]. Reads ambiguously mapping to
more than one position (i.e. to both alternative transcript
sequences) were removed and remaining reads were
counted as homoeolog-specific reads. Reads mapping as
proper pair were counted only once. Given the relatively
low abundance of homoeolog-specific reads in lowly
expressed genes, read counts from the 13 varieties were
merged to five artificial replicates (Altar84 + Capeiti8 +
Claudio; Creso + Edmore + Kofa; Meridiano + Neodur +
Saragolla; Strongfield + Svevo; Valnova + Yavaros79).
Differential expression analysis of homoeologs was
performed using the DESeq package [58]. Two different
approaches were used. A multi-factorial analysis ac-
counting for variance among tissues was performed
using a Wald test over the general linear models of (i)
tissue-only variance fit and (ii) tissue plus homoeolog
variance fit. A second approach relied on a single nega-
tive binomial test, for investigating differentially
expressed homoeologs within each tissue separately,
without considering tissue-specific variance. Tests were
considered significant with an adjusted p-value equal or
below 0.001 for the GLM Wald test and 0.01 for the
tissue-specific binomial test; the log2 fold-changes where
filtered out for absolute values above 7. Dispersion curve
was estimated with a pooled strategy as described in
DESeq manual [59].
qRT-PCR validation of homoeolog specific differentially
expressed transcript
In order to confirm the consistency of homoeolog specific
expression data obtained from RNA-seq experiment, we
aimed to verify through qRT-PCR the expression profile
of a subset of differentially expressed transcripts. To do
this, for each of the 13 varieties, six seeds were grown in a
paper-roll in a growth chamber at controlled light and
temperature conditions [60]. Samples of leaf and root tis-
sues were collected after 7 days of growth. RNA was iso-
lated from tissues of three biological replicates each
containing tissues from three-five seedlings. Tissues were
homogenized in liquid nitrogen and RNA was extracted
using the NucleoSpin® RNA Plant extraction kit
(MACHEREY-NAGEL, Dűren, Germany) following the
manufacturer’s protocol. RNA quality was verified on 1%
agarose gel and quantity was determined using Eppendorf
BioPhotometer D30. All RNA samples were brought to
the same concentration prior to reverse-transcription re-
action. Reverse-transcription was performed using the
QuantiTect® Reverse Trascription kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions.
cDNA of all the samples was pooled and three serial dilu-
tions [1:4] were performed. The pooled cDNA dilutions as
well as a control template (NTC) were included in each
qPCR analysis as a control. The differentially expressed
transcripts were chosen based on the abs(logFC) > 2 or > 1
between the homoeolog-specific contigs where A or B ge-
nomes are up-expressed in both leaves and roots, as well
as on the alternate expression of A and B subgenomes be-
tween leaf and root tissues. In order to maximize the
chances of the gene-specificity of the assay, we chose for
primer design differentially expressed transcripts that had
no paralogs or tandem duplications in the reference bread
wheat IWGSC Refseq v1.0 [61] and wild emmer wheat ge-
nomes [14]. To design the subgenome specific assays we
aligned the two homoeolog sequences to each other to
identify the homoeolog SNPs; at least one of the primers
of each assay was designed to include the 3′-end homoeo-
log SNPs. We used Primer3 [62, 63] to design the primers
using the following specifications: Tm 55–65 °C and CG
content of 50–60% and maximum amplicon length was
kept < 200 bp (Additional file 17: Table S12). In our study,
a gene coding for actin was selected as a housekeeping
gene [64, 65]. The qPCR was carried out using the SYBR
GREEN and 7500/7500 Fast Real-Time PCR System (Ap-
plied Biosystems, Foster City, CA, USA). The PCR condi-
tions were 50 °C for 2min, 95 °C for 2min followed by 40
cycles of 95 °C for 15 s and 60 °C for 1min. The expres-
sion of the transcripts was normalized using the house-
keeping gene actin. Moreover, to have comparable
expression values across the thirteen varieties, we stan-
dardized the expression value on the mean expression of
two homoeologs in each variety.
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Additional file 1: Table S1. Durum wheat accessions description and
RNA-Seq data. Accession name, pedigree, accession feature and the con-
stitutor for the 13 varieties used for RNA sequencing and SNP discovery
are reported along with the associated sequencing yields for each of the
three sampled tissues. (XLSX 11 kb)
Additional file 2: Table S2. Summary of RNA sequencing for durum
wheat cv. Svevo cDNA libraries. Two libraries, named “a” and “b”, were
constructed for each tissue. They differ on fragment size recovered by
gel-electrophoresis. For each library, tissue, fragment size, number of raw
reads, total base pairs and average read length are reported. Average
read length is proportionally reflecting the amount of 150 bp sequencing
and 100 bp sequencing. (XLSX 10 kb)
Additional file 3: Table S3. Detailed report of the de novo assemblies.
(XLSX 15 kb)
Additional file 4: Figure S1. Assembly contigs size distribution. Contigs
size distribution in the selected assembly (CLC with k-mer size = 64).
(PDF 113 kb)
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Additional file 5: Figure S2. Evaluation of de novo assemblies.
Comparison at different k-mer values (i.e. k41, k51, k61, k64) and with
different tools among different assemblies. (A) and (B) refer to assemblies
computed with CLC and indicate, respectively, number of contigs and
N50. (C) and (D) refer to Velvet-Oases assemblies. (PDF 601 kb)
Additional file 6: Figure S3. Validation of assemblies. The best
assembly was validated versus two datasets: (A) full-length cDNAs [11,
23]; (B) Triticum aestivum chromosome 3B genes. Bars represent the per-
centage of genes reconstructed at least in 80% of their length. Different
colors represent the number of different contigs necessary to reconstruct
the genes. (PDF 104 kb)
Additional file 7: Table S4. List of the 58 wheat genes from
chromosome 3 with the relative accession numbers. (XLSX 12 kb)
Additional file 8: Table S5. BLASTn results between the homoeolog
genes of T. aestivum chromosome 3. (XLSX 16 kb)
Additional file 9: Table S6. Homoeologs reconstruction. Number of
copies reconstructed among the 58 genes (Additional file 6: Table S4) of
“Supplementary File 2” in the de novo assembly. (XLSX 9 kb)
Additional file 10: Table S7. List of Svevo private contigs with GO
annotation derived from BLASTn comparison between Svevo and Kronos
contigs. (XLSX 338 kb)
Additional file 11: Table S8. Transcriptomes of the plant species used
for BLASTx. Plant species from Ensembl Plants used for BLASTx alignment
of transcripts, to infer functional annotation. (XLSX 9 kb)
Additional file 12: Figure S4. Merged BioMart and BAR+ annotations.
Venn diagram of transcript annotations with Ensembl and BAR+. On the
left, at > 90% protein coverage and > 50% identity a total of 15,072
transcripts were annotated; while, on the right, at > 50% protein
coverage and > 30% identity a total of 25,529 transcripts were annotated.
(PDF 399 kb)
Additional file 13: Table S9. Annotation Statistics. Annotation statistics
for the Svevo RNA-seq transcriptome assembly divided into high and low
confidence annotation. Annotations with either BioMart or BAR+. Gene
Ontology (GO) computed with Blast2GO (B2GO). Three bottom lines from
Blast2GO reports. (XLSX 10 kb)
Additional file 14: Table S10. Unique proteins matching with T. durum
transcripts. Unique proteins matching with T. durum transcripts divided
by plant species. (XLSX 10 kb)
Additional file 15: Figure S5. Functional analysis of transcripts with >
90% coverage and > 50% identity. Number of sequences with the
corresponding A) Molecular Function B) Biological Process C) Cellular
Component. (PDF 24 kb)
Additional file 16: Figure S6. Functional analysis of transcripts with >
50% coverage and > 30% identity. Number of sequences with the
corresponding A) Molecular Function B) Biological Process C) Cellular
Component. (PDF 24 kb)
Additional file 17 Table S11 Significant differential expression between
homoeolog genes. Under the GLM fit analysis, lines in green/brown
represent genes with concordant/discordant homoeolog expression in
phased blocks within the same gene. (XLSX 1605 kb)
Additional file 18: Table S12. Validation set. Primer pair for eight
validation transcripts aligned with original homeolog-specific RNA-Seq
data. (XLSX 12 kb)
Additional file 19: Figures S7-S16. Homeolog-specific qRT-PCR data.
Results are reported for each of the thirteen varieties. Data is shown mer-
ging both leaves and roots assays but for the TRIUR3_04135, where
leaves and roots assays are reported separately to visualise the opposite
trend. (PDF 2674 kb)
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